EXPRESS MAIL LABEL NO,. EV343426451US 

DATE MAILED: October 30, 2003 

INVENTORS Robert J. von GUTFELD 

Hendrik F. HAMANN 
Michael T. PRIKAS 



PATENT 



COOLING 



OF SURFACE TEMPERATURE OF A DEVICE 



PARTIAL WAIVER OF COPYRIGHT 

reserves all copyright rights whatsoever. 
CROSS-REFERENCED APPLICATIONS 

provisional applications: (1) U.S. Patent App and (2 ) U.S. Patent 

T ^r"— ^STS^in. op 

e 2^— V assigned to in— Business Machines Corpo^on and 



YOR920030360US1 



1 



EXPRESS MAIL LABEL NO.: EV343426451 US 
FIELD OF THE INVENTION 

[0003] This invention generally relates to the field of thermal management of device 
surface temperature and more specifically to cooling surface and therefore the 
interior temperatures of electronic devices. 

DESCRIPTION OF RELATED ART 

,0004] Thermal management is of great importance to the operation of electronic 
devices. Thermal management is especially important in the operation of rtcon 
microprocessors as increasing frequency operating targets push power output, and 
therefore heat generation, to the limits of the cooling capacity of traditional pass.ve, 
air-cooled, heat sink technology. Heat generation in silicon microprocessors 
continues to increase as the circuit density increases and as the overall dimens,ons 
of the microprocessors decrease. Thermal management includes the stall of 
dissipating the heat generated by an electronic device away from the device and 
allowing it to disperse to its surroundings. Insufficient transfer of heat away from an 
electronic device can result in performance and reliability degradation of that dev,ce 
or circuit. Typical thermal management solutions use aluminum or copper heat 
sinks, blowers or cooling 'hats' to keep an electronic device cool. 
[0005] Another method that is widely under study to provide improved thermal 
management is the use of microchannels. The microchanne, structures utilize a set 
of narrow channels that may be introduced into the chip itself or into a cooling 
member, which is in intimate contact with the microprocessor. In either case, the 
channels have heights and widths on the order of several 10's of microns and are 
encapsulated either by the microprocessor or the cooling member in ,nt,mate 
contact with the microprocessor resulting in an array of micron sized rectangular 
tubes through which a cooling liquid is forced to provide the means for dissipatmg 
heat generated within the microprocessor. 

[0006] As a further complication, the heat load on a microprocessor, which 
depends on the workload of the microprocessor, is unevenly distributed over the 
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EXPRESS MAIL LABEL NO, profile 0 , an operations, chip 

area o, the microprocessor dte ( ^ The variances in worRioad 

— — — 

SCa ' e ' • devices exceed the ability of 

10 00T, Many o, the current »«-*^7 ilP>( ^ manage the thermal 
current passive air-cooied heat s,nKtechnotogy^ ^ ^ ^ ^ ^ 

environment of the integrated crcurt ^ flexibility or 

techni gues, such as fhe ^^JZJ of microprocessors, 
efficiency needed for P r0, ' ' en \ '72s numerous fabrication chaiienges as 



SUMMARY INVENTION 



[00091 B ,„y, in accordance with - £"J^ ^t^-Ta 
(mioroduct)fortemperature management (e, co ^g) microduct) ^ 

device (e.g., a microprocessor). ^ e of an ete ctronic device (e.g., 

mana gement (e.g., cooling) of the su «^ ^ ^ ^ jnvention , the 
a microprocessor) during operahon. In an . g ^ ^ where 

SV- incudes an ^^'^^ «~ "* "* T 
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and where the top surface o.alowewa »«^ 

structure. The lower wall is ^ * ^ that flows through the 

de , c , The microduc, structure furthe ,n udes ^ ^ present 

=rit^:=-— — 

BRIEF DESCRIPTION OF THE DRAWINGS 

r.r™"r- »— — 

accompanying drawings. 
emb odimentofthe P resentinvent,on. 

— — — ■ ectionofthe fl ui din,etandouflet 
[0014] FIG. 2 is a diagram illustrating the cross-section 
u sed b yonee m bodimento f thepresentinvent,on. 

— 



invention. . 



present invention. 
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present invention. 

. ^-ectional diagram depicting another embodiment of the 

— .— — 

enhances the cooling coefficient. 

present invention, 
roughened by sandblasting. 

[0022] FIG. 8B is a top view illustration showing a device surface that has rails 
etched into a device surface. 

— — — — 

disks deposited on a device surface. 

• , P .r 8B showing a device surface that has rate 
[0024] FIG. 8D is a side v,ew of FIG. 8B show.ng 
etched or deposited onto a device surface. 

square disks deposited on a device surface. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

, . „H that these embodiments are only examples of the 
[0026] It should be understood that these e statements 
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draw ing like numerals refertolike parts througn seve.a. v,ews. 

H „n tn a oreferred embodiment, overcomes 

- Th, c:rr;,— - - — — 



OVERVIEW 



OVtKVltw 

--"ordertopro.de.enm— 

aevice (,,, a microprocessor > of tne de vice (e,„ a 

are disclosed to reduce he surface P ^ ^ gn 

mi croprocessor). In an embedment of the pr s ^ g bottom 

upp er plate (e,., heat sink), where the upper P eh ^ ^ ^ ^ 
surf ace and where the bottom surface of r , ower wa „ forms the 

sid es of the microduct structure, and where ^ ^ ^ 

™^ 0i ^:;TlZZ imentsutiiizeanarrowspacing 
to a top surface of an electron* dev,ce. Oth 

be tween a device (e.g., a i***^"^^ surfac e of the microduct 
a bo ttom surface of an upper plate, ^ ^^ ed]men ^ (h eight)on 
thereby forming a liquid flow eel, (or rmcroduct), narrow n 2 ^ A 

:::rrodu::m"ce W hose 

vertical spacing or height of the flow cell microduct. 
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EXPRE SS MAIL L AB EL NO.: ^«^» jn tum provides additi onal 
t0 be conserved. The .crease ,n ow rat of ^ ^ 

temperature management since the mt ^ f « ' ^ ^ and 

numb er, which in the present case ,s on, depe den ^ ^ 

number. 

,0030, For simple ducts, the convective heat flow or thermal transfer coefficient h , 
Tlted in throwing manner as shown oy the following eguafions 

[0032] The following parameters are generally used: 

[0033, ne = convective thermal or heat transfer coefficient, 

[0034] D = effective duct gap height, 

[0035] L = length of the duct, 

[0036] ^ = fluid dynamic viscosity, 

[0037] v = fluid velocity, 

[0038] p = fluid density, 

[0039] F = flow rate of coolant mass / t ime 

[0040] X = thermal conductivity of coolant, 
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[0041] ^=viscosityattheheated surface 

[0042] C p = heat capacity of coolant 

, j j n - r Lab_ where a is the duct width, b, the duct 
[0043] For a rectangular duct, D - a+ ^> wn 

height 

[0044] Fora»b,D = 2b 

[00451 Fromth e d e«ono fF a ndth e — ^^^^ 
velocity can be derived: 

f 2l_ 

[0046] v =^" flX D 



qualities, i.e. the Reynolds number, Re, 
number, Pr, where, 

„ Pf= ESl a ndNu= ^ 

[0048] Re=— A l 



textbooks, it is found that for laminar flow, 



[0049] From thermodynamic 
Equ ation1: NU =1.86( R e)W(fn^)' 

and that 

hcD 

Equation 2: N U ~~J~ 



[ 0050 l Now,subs« U ti n gforN Ui ne qU at i on 1 us i nge q ua,ion.2, 
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hc = 1.86(Ra)«W 3 (7) ,,3 ^' ( i )U 



[0051] From before 
then be written as, 



Re = _Jl_ ^ where the D's cancel 



, Re is independent of D when substituting for „. since Re can 



hc ._ ( ££,« W «(f)«(i) 

Th us,,oragiven duct, where flow rateFand duct heighten vary, 



he =(F)" 3 (-^5) 



Thi8 reiation has been found to apply approximately to our data even though the 
power of F and 1 may vary from the ahove values. In genera,, we find that h e 



• always increases with and D ■ 



coefficient is proportional *° esWD to^the^/S power While this equation holds 
proportional to the duct he,ght, D as /D to the 2*p ^ ^ ^ 

only very approximate* for our duct des,gn ,t ,nd, te s th 
coefr,cient can he made to increase which ,s,n ^part 

flow channel with very small b, the height, wit 

wbich involve considerate processing and =k ™ or due, 
th e openings. Our design avoids hav.ng to * ^ ^ ^ 

re gion, which would necessitate having a very h,gh pressure 



through the duct. 
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10052] A product structure is illustrated ,n ,„ „ 

of M w> I— « — " " W " " " „ «*. ,04 

gap 150 is identified for the microduct 100. 

,0053, FIG. 1B is a cross-sectiona, diagram depicting the microduct system 120 of 
Luuooj nv3. chows an upper plate i^, 

one embodiment of the present invent,, FIG. IB show * 

u cirfarp 124 an electronic device 126 having an iw 
hav ,ng a hottom 8 „ „ flu|d outlet 112> and a circuit board 

and a bottom surface 138, a fluid q{ ^ 

1 36 of the electronic devtce 1 26 serves as 

^ F,G ' ~r:^r^- 12 0 an, ^ ,3S o f ,e 
in s shown to illustrate a constant duct heigh, along the 

product 120 D,sta no. - | identified for the microduct 120. 

length of the microduct In FIG. lb a gap .o 
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includes an upper plate 302, 9 bottom surface 308, a 

an electronic device 306 having an upper surface 316 _«n 

fluid inlet 110, a fluid outlet 112, and a ™- (he top of the 

more cooling is necessary and ,s made a a„a y ^ ^ 

near the exit end of the heat source. In FIG. 3 a gap 
microduct 300. 
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aluit board 10 8. The bottom surface defined by p.. 
404 of the upper plate 402 serves as the top or .he m,..od~. ana 
l ie, 400 with sidewalls. The upper surface 406 of the electron, dev,ce 40 
Te as the bottom of the microduct 400. The varying duct heights or verf,ca, s 
4 H 418, 420 and 404 extend into the microduct 400 at different depths 
ending on the reguired cooiing. F or exampie, the reguired cooling - be = 
from mapping the temperature profiie of an operation* processor h p. Once £ 
I atia, thermal profiie is Known, the varying duct heights or verfica nbs 414, 4£ 

, 420 and 404 are ioca.ed in a direction perpendicuiar to the d,rec on 
coo ing fiuid fiow. Alternatively the verfica, ribs can be obiigue and - ^ 
entire width of the duct. ,n this embodiment, the deeper the varying da* he, h*. 
vertical ribs 414, 416, 418, 420 and 404 extend into the m.croduc. 400, the more 
n rovided in that loca, region. The upper plate 402 wil, have a set of „ 
L eU or verfica, ribs 414, 416, 418, 420 and 404 that conform to th 
emperature profile of the operational chip. With the fiow at right angles to he 
I, g duct heights or verfica, ribs 414, 416, 418, 420 and 404, different, co*. 
Jresult with the hottest spots on the electronic device 408 rece,v,ng the mos 
looling because they wil, be the regions that have the narrowest « ^ 
the electronic device 408 and the varying duct heights or verfica, nbs 414, 416, 418 
42otd 404 for the flu,d fiow (hence generating the greatest amount of coo„ng 
Stances A A', A" and A" are shown to illustrate the varying due, heights along the 
"he m croduct. These varying heights wi„ have varying cooling rates, again 
leLe the coefficient, fc. is approximately proportional to 1 1D to the 2/3 powe, In 
FIG. 4, a gap 450 is identified for the microduct 400. 

Lid ow. While the structure in itself will cause some turbulence because 

step leading from the input to the narrow duct, additional turbulence may be c used 
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5o r: r u 9 z 5 a « « m . «. — ^ and . *- - 
: a :r;:^' - - — — M0 - - T ^ « 

th P too of the microduct 500 and provides the microduct 500 with 
serves as the top of the m,cr 5Q8 ^ as ^ bottom 

sidewal , The uppersu ac 5^o the.ec^ ^ ^ ^ ^ ^ 

produced by the embodiment of FIG. 1A. In FIG. 5, gap 
microduct 500. 

the th erma, cooling coefficienL The structu, = , F G 5 ^ ^ 
beight is approximate range that is an order of magnitude higher i.e. W/L>_ 10. 

,00591 FIG 9 is a cross-sectional diagram depicting the microduct system 900 of 
[0059] FIG. 9 is a shows an upper plate 902, having 

one embodiment of the present invention. FIG. 9 shows PP P 
a bottom surface 914 an electronic device 908 having an upper s rfa 9 16 ^a 
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ZZ additional turbulence and has b een shown experfmenfclly to .crease the 
coefficient h . In FIG. 9, a gap 950 is identified for the microduct 900. 
[0 060, The theory for convecfive cooling is employed by the above , micrcduct 
truct re (for additional information on the convecfive coofing theory see 
Engineering Thermodynamics with Applications by M. David Burghard, 2nd * 
Ha er Row pages 474-477 (1982)), which is incorporated by reference 

Z Re — - - ^ rimentS Uti ' iZin9 " Vafiety ° f mlCr °, th 
Z 2' and s vera, fiuid fiows (voiume/second) indicate the effectless o h 
; ve structure for coofing silicon chip, Data measurements are shown ,n g 
^experiments that utilized a steel sample, approximately 1.8 x 1.8 cm ,n area, 
I n less The x-axis identifies various duct heights, while the y-ax, 
In L t rveotive cooling coefficient h, . Two fiuid velocity fiow rate, 20 an 
" per hour are identified in the drawing as a sguare symbol and a d,amo 
It respectively. The stee, sample was heated from its bottom surface. The 
I — ateslhatthe convecfive cooling coefficient, h (In normalize 
w/cm2 , c) increases with decreasing duct height an ,ncreas^« d^ow 
(volume/second) traversing the microduct structure of FIG. 4. The dev,ce 

distribution of the cooling fiuid entering and exiting the m,croduc ~ 
data results from the stee, plate experiment, illustrated ,n FIG. 6, are equally 
applicable to silicon electronic devices. 
[00611FIG. 7 is a cross-sectiona, diagram depicting the microduct system 700 o, 
IT embodiment of the present invention. FIG. 7 illustrates an upper p,t 702 
ving a bottom surface 704, an electronic device 708 having an upper surface 06 
a a bottom surface 710, a fluid inlet 110, a fluid outlet 112, and an electron 

0 r u t oard 108 onto which is mounted and the top of an electron, dev,ce 708 

Z 02 serves as the top of the microduct 700 and provides the m.croduct 7 

1 sLewalls The upper surface 706 of the electronic device 708 serves a the 
Im le microduct 700. Small structures 714 are either etched into the s„,con 
YOR920030360US1 14 
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of the electronic device 708 or deposited onto the backside of the electronic dev,ce 
708 These small structures 714 offer greater surface area to the coolant due to 
their sidewalls and thus increase the rate of heat transfer from the electronic device 
708 This increase in cooling wi,i, in certain circumstances, allow the coolant flow 
rate to be reduced with the accompanying advantage of a reduction in fluid mput 
pressure to the duct. In FIG. 7, a gap 750 is identified for the microduct 900. 
,00621 FIG 8B illustrates another of the proposed embodiments which utilizes rows 
of small rails or mini-fins 814 that can be deposited lithographically, closely spaced 
t0 one another, running parallel along the length of the electronic device surface 
814 that may be used as the bottom wall of the microduct 700, in the direction o 
the cooling fluid flow. These structures 814 can consist of any reasonably h,gh 
thermal conducting material such as aluminum or the like. It is important to assure 
that the deposited material is not one that diffuses into silicon. If the matenal does 
diffuse a barrier layer of a suitable non-diffuser such as nickel is first deported. A 
very thin nonmetallic layer, on the order of 200 angstroms, can also be used as a 
barrier layer prior to the deposition of the small metallic rails or walls. The spacing 
between these rails can be on the order of 50 microns while the height can vary 
from 5-50 microns. The width of the walls can vary from approximately 5 to 20 
microns. 

[0063] FIG. 8D depicts a side view of the FIG. 8B. The rails 834 are etched or 
deposited on an electronic device surface 836(not indicated in drawings). 
[0064] As illustrated in FIG. 8C, instead of rails, an array consisting of rows of small 
spaced disks of metal 824 (not indicated in drawings) can be deposited on the 
electronic device surface 822 (not indicated in drawings) undergoing coding by the 
microduct structure. The disks might typically be on the order of 50 microns in 
diameter and range from 5 to 50 microns in height. Within a row, the disks can be 
separated on the order of 50 microns while each row of disks is also separated by 
50 to 100 microns depending on the disk diameter. FIG 8E (not indicated ,n 
drawings) illustrates that small sets of square or rectangular deposits 844 can also 
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be used One advantage of disks 824 and/or squares 844 compared to r „s or 
814 is that disks 824 are .ore likely to cause turbulence of the coolant ,n 
the microduct, which enhances overall cooling performance. 

10065, in addition, as illustrated in FIG. 8A. another way to enhance *— ^ 
Lghen the device surface 802 of the silicon either by etching or sandblastmg 804. 
Sim any closely spaced grooves can be etched into the silicon surface using 
Tolraphic techniques. The grooves can also be obtained by imaging a d,ffract,on 
pattern onto the silicon using optically enhanced etching techniques. 

CONCLUSION 

[0066] Although specific embodiments of the invention have been disclosed, those 
Ling ordinary skill in the art will understand that changes can be made to the 
el embodiments without departing from the spirit and scope o, the 

embodiment, Furthermore, it is intended that the appended claims cc,er any 
a „ such applications, modifications, and embodiments w,.h,n the scope of 
present invention. 
[0067] What is claimed is: 
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